Dams are among the most important hydraulic engineering facilities used for water supply, flood control, and hydroelectric power. Monitoring of dams is crucial since deformation might have occurred. How to obtain the deformation information and then judge the safe conditions is the key and difficult problem in dam deformation monitoring field. This paper proposes the periodic average system model and creates the concept of "settlement activity" based on the dam deformation issue. Long-term deformation monitoring data is carried out in a pumped-storage power station, this model combined with settlement activity is used to make the single point deformation analysis, and then the whole settlement activity profile is drawn by clustering analysis. Considering the cumulative settlement value of every point, the dam deformation trend is analyzed in an intuitive effect way. The analysis mode of combined single point with multipoints is realized. The results show that the key deformation information of the dam can be easily grasped by the application of the periodic average system model combined with the distribution diagram of settlement activity. And, above all, the ideas of this research provide an effective method for dam deformation analysis.
Introduction
The usage of water resources and operation efficiency of hydraulic engineering facilities are directly affected by the safety, stability, and normal operation of dams. There are safety problems for many dams, because of, for example, hydrology, geology, construction quality, and aging. Therefore, it is necessary to analyze the deformation monitoring data. Afterwards, the running state and deformation law of a dam is adopted. The factors causing the deformation are determined. Then managers can judge the safety of the dam which can provide guiding for the follow-up monitoring work.
Over the past several decades, deformation analysis study for dams has drawn more and more attention, and related research methods are continuously proposed [1] [2] [3] [4] [5] [6] [7] . On the basis of the fuzzy clustering theory and method, Wang and Hua analyzed and researched the methods of dam safety monitoring and evaluation [8] . The development of fuzzy mathematics provides a new theoretical basis to solve the problem of deformation analysis with fuzzy language. Su et al. proposed a method of mining adaptively the pattern between disease and pathogeny of dam to find the genesis on cracks [9] . De Sortis and Paoliani compared a statistical approach with a structural identification technique, and the results showed that the latter method provided a higher degree of accuracy in predicting the future behavior of the structure [10] . Gan et al. introduced viscoelastic constitutive models for concrete materials and bedrocks (a new creep constitutive model for rockfills), and comparative study of numerical calculation results and monitoring data showed good agreement between the computed settlements and measured values [11] . Zhang discussed the feasibility of MF-DFA (Multifractal Detrended Fluctuation Analysis) in determining dam seepage to provide a basis for subsequent modeling calculation [12] . On the basis of the application of artificial neural network principle, Y.-S Kim and B.-T Kim made forecast analysis of relative displacement for a dam [13] . Deng and Wang used improved BP (Back Propagation) neural network model to forecast deformation in dam safety monitoring [14] . The above study enriched and promoted the type of neural network model for analyzing dam deformation. Combined with mature theories such as time series analysis techniques, wavelet transformation, and grey theory for dam safety monitoring models and methods made an important contribution to this research.
It is generally known that deformation monitoring of single points cannot coverage an entire dam body. In the light of actual condition, they are just the feature points or layout in a typical section. If the deformation is analyzed using traditional methods which are just single point deformation analysis, the overall analysis of the dam cannot be analyzed intuitively.
The so-called average system, also called moving average, is one of the commonly used tools in analyzing the technical indexes of stock exchange [15, 16] . Its value lies in the average index of level which is often very important support or resistance. Therefore, it is mostly used by technical analysts. On the basis of the principle of average system, periodic average system model is put forward in this paper. The concept of "settlement activity" is proposed. The "settlement activity" of individual monitoring points is calculated which is regarded as a typical classification index in doing the cluster analysis. Finally, the settlement activity distribution of the whole dam is plotted; the dam deformation is analyzed in a visually way.
Principles of Periodic Average System
Model Based on (Settlement Activity)
2.1. Periodic Average System. The main principle of the periodic average system proposed in this paper is introduced as follows.
(1) Calculating the average of 1 and 2 periods of abundant continuous data to be analyzed, of which the definition of computation formula is given in
where 1 represents the average of 1 periods, 2 represents the average of 2 periods, and is the period.
(2) Calculating the difference between the average value of 1 periods and 2 periods, according to
(3) Marking the 1 periods and 2 periods of periodic average value in the coordinate chart and connecting them by a line, which we call the "periodic average graph." (4) Combining the periodic average chart with the value of Δ ( ). Consequently, the trend and deformation of points are analyzed.
Obviously, the theory of periodic average system model is just suitable for deformation analysis of single points. However, it should meet the needs of roughly same monitoring frequency for a large number of consecutive data to be analyzed. And three kinds of situations are shown as follows.
(1) When short periodic average line wears long periodic average line and runs above the long periodic average in this period, the uptrend of the point is shown.
(2) When long periodic average line wears short periodic average line and runs above the short periodic average in this period, the subsidence trend of the point is shown.
(3) When long periodic average line and short periodic average line intertwine together and the trend is in a certain range, the state of relative balance of this point is shown. In this situation, the deformation influenced by factors such as temperature, water level, and rainfall also may be caused by measurement errors.
Principle of Periodic Average System
Model Based on "Settlement Activity". In consideration of the weakness of the periodic average system model in the sense that it can analyze a single point, as well as the fact that deformation monitoring points cannot cover the entire of dam body, however, in the light of actual conditions, they are just the feature points or layout in a typical section. Therefore, in order to realize multipoint analysis, how to find the connection between different points should be priority for all, and then deformation of the whole dam body is analyzed. Through overall analysis of the dam, the deformation information of this dam is more intuitive.
The concept of "settlement activity" is proposed based on the periodic average system model. The moving regularity of the whole deformable body in this period to be analyzed is reflected. Then combining the value of "settlement activity" of the individual monitoring point with cluster analysis, the existing monitoring points are classified into several categories. Its main principle is introduced as follows.
Δ ( ) ( = 1, . . . , ) of each point is calculated based on the principle of periodic average system model; then the average Δ ( ) ( = 1, . . . , ) of all points is calculated. In the light of actual conditions, the critical difference of Δ 0 is calculated. "Whether Δ ( ) ( = 1, . . . , ) of monitoring points is more than the critical difference (Δ 0 )" performs the evaluation index. "Settlement activity" is defined as the number ( ) of cycle average difference more than the evaluation index.
The frequency of deformation monitoring activities for the dam is reflected by "settlement activity." "Settlement activity" of a point is calculated in the following process.
(1) According to the monitoring data to be analyzed and corresponding monitoring cycle ( ), the difference (Δ ) between the average of 1 periods and the average of 2 periods in different analyzed cycles is calculated.
(2) According to the difference (Δ ) between the average of 1 periods and the average of 2 periods calculated above, or with the years of experience in observation, a threshold value (Δ 0 ) of the difference between different cycles is defined.
(3) The number ( ) of the difference (Δ ) more than the given threshold value (Δ 0 ) is calculated.
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Cluster Analysis Based on Settlement Activity.
After calculating the "settlement activity" of each monitoring point, taking "settlement activity," average of deformation, and cumulative deformation value as the classification indicators, cluster analysis is adopted for classification. Combining with the accumulated subsidence value, individual abnormal point is excluded. Then, the distribution diagram for the whole dam of "settlement activity" is plotted.
Advantages of the Theory of Periodic Average System
Model Based on "Settlement Activity". In this paper, through periodic average system model, the average of 1 cycles (
( ), and 2 ( ) ranges are drawn on the same graph; on the basis of Δ ( ) "settlement activity" is ranked. This approach has several advantages for data analysis, which are shown as follows.
Weaken the Influence of Observation Error.
Monitoring result inevitably contains several kinds of errors, especially under poor conditions; it contains a number of errors and gross error. Through calculating 1 ( ) and 2 ( ), it can effectively weaken the influence of errors on deformation analysis. In the light of actual conditions, the threshold value (Δ 0 ) of the difference between different cycles and the width of different levels ( ) are adjusted appropriately; the influence of errors on adjustment results can be effectively weakened.
Assume that the influence caused by observation conditions on elevation is ; that is,
where represents the observation elevation and represents the elevation considering the error of observation conditions.
Assuming that all observation cycles are of equal precision, thus, for the average of 1 periods (
For the average of 2 periods (
Considering the propagation of error law, the influence caused by observation conditions on the difference (Δ ( )) between different average of 1 periods and the average of 2 periods is given in
By comparative analysis of (1) and (2), if calculated in the light of conventional analysis, elevation is regarded as research object. We can see clearly that the elevation results always contain the influence of because of the observation errors. If we are analyzing using the theory of periodic average system model, the influence of observation errors is weakened. From the foregoing discussion, 1 is influenced by the error of /√ 1 , 2 is influenced by the error of /√ 2 , and the difference (Δ ( )) between different cycles is influenced by the error of ((√ 1 + √ 2 )/(√ 1 ⋅ √ 2 )) . As we can see, along with the increasing of 1 and 2 , /√ 1 , /√ 2 , and ((√ 1 + √ 2 )/(√ 1 ⋅ √ 2 )) become smaller. Considering that 1 and 2 are integers greater than 1, therefore, /√ 1 , /√ 2 , and ((√ 1 + √ 2 )/(√ 1 ⋅ √ 2 )) are always less than .
Convenient for Global Analysis.
The original monitoring data always contains a large number of information. If the deformation hygrographs of all points are drawn in one picture, different deformation hygrograph will be overlapped. Meanwhile, the difference of absolute deformation value between different points is large, so it is difficult to find the regularity of the displacement for the dam, as shown in Figure 1 .
Deformation Information of the Whole Monitoring
Period Is Adopted. Deformation value of monitoring points has always the concern object. However the deformation value is always "static," which can only reflect the deformation information during a certain moment or period. The average of cycles calculated by the periodic average system is continuous, which can reflect the deformation trend during the whole monitoring time, and then the deformation information of the dam is analyzed. Deformation rate is just the average rate during a period of time, which can only reflect the average deformation information during this certain period of time. However, "deformation value" and "deformation rate" cannot reflect the activities of the dam during the whole monitoring time (that is to say the frequency of the displacement cannot be reflected). This problem is approached perfectly by the theory of periodic average system model based on "settlement activity." Then this paper takes some examples to illustrate its advantages.
As shown in Figure 2 , deformation hygrographs of monitoring points A and B are drawn in red line and blue line, from which we can see that the deformation value of monitoring point A is greater than monitoring point B during this period. Taking the "deformation rate" as analysis object, monitoring point A is greater than monitoring point B at the time of 1. Meanwhile, for the rest time of this period, the deformation rate of monitoring point A is less than monitoring point B. By traditional deformation analysis, the analysis results are adopted at a certain time. However, as we can see in Figure 2 , although the deformation value of monitoring point A is always greater than monitoring point B, in terms of deformation activity, monitoring point B is more active than monitoring point A significantly. If only two monitoring points are analyzed, conclusions can be drawn through the analysis of deformation hygrograph. As for one deformable body which has dozens of points, the traditional analysis method of drawing deformation hygrograph cannot reflect the deformation activity intuitively in each part of the whole plasmodium. If the theory of periodic average system model based on "settlement activity" is adopted, not only the activity of monitoring point A and monitoring point B can be reflected, but also the whole deformation information can be reflected.
Engineering Application and Deformation Analysis
The dam type of a pumped-storage power station is a reinforced concrete rockfill dam. 
Application of the Theory of Periodic Average System
for Single Point Deformation Analysis. The application of periodic average system in dam deformation analysis for single point has three situations which have been introduced in the above contents. For the value of 1 and 2 , when 1 = 1 and 2 = ( ≥ 2), is the extreme case, 1-period average line represents the original observations connecting to line and periodic average line represents the mean of periods original observations connecting to line. It is totally meaningless to analyse this extreme case. Here illustrating the application only by the monitoring point LD2-3, in order to analyse intuitively, assuming that 1 = 5 and 2 = 10, periodic average graphs are shown in Figure 3 .
In Figure 3 , some conclusions can be drawn by analyzing the five-period average line and ten-period average line (where blue line is five-period average line and red line is tenperiod average line).
(1) From January 1 to July 6, five-period average line and ten-period average line are winding together all the way, which show that the monitoring point is in a relatively stable condition during this period.
(2) From July 6 to August 3, five-period average line is below ten-period average line, which shows that the monitoring point has the subsidence trend during this period.
(3) After August 3, we can see that five-period average line wears ten-period average line and it runs above the tenperiod average line to the end of August. Obviously, the monitoring point has a lifting trend during this period.
Calculation and Analysis of Settlement Activity.
According to the above theories, the threshold calculated is Δ 0 = 0.6 mm. The times ( ) more than the given threshold (Δ 0 ) of all monitoring points are calculated, respectively, in the period of 100∼150 cycles. Then the "settlement activity" is calculated, which is divided into four levels, the specific information is shown in Table 1 .
According to the classification criteria of settlement activity, the settlement activity of each point is classified into corresponding level. In order to have access to cluster analysis, different values are, respectively, given for settlement activity, which is shown in Table 2 .
The Multipoint Overall Analysis for the Dam.
According to the classification shown in Table 2 , the settlement activity of individual monitoring point, the average of absolute settlement value, and the cumulative settlement are considered to be the classification index. The monitoring points on the dam slope are classified into different categories by cluster analysis (the classified results are shown in Table 3 ). Then combining categories with the cumulative settlement, individual abnormal points (e.g., TD-3) are removed; finally distribution of settlement activity on dam slope is drawn as shown in Figure 4 . In Figure 4 , the sorting for settlement activity of I∼IV area is I > II > III > IV, so the following information can be shown from Figure 4 .
(1) On the dam slope, the most active area of settlement distribution is the right side and downstream of the right.
The settlement activity is relatively weaker on both sides of the area of dam axis of the inflection point.
(2) Comparing the cumulative settlement of all monitoring points, the cumulative settlement of LD6-2, LD5-2, LD4-2, and LD3-2 is larger than others. But, during the period analyzed, the settlement activity of these points is in the area of relative weakness, which show that the area is more active before the analyzed period but has reached a stable state during the analyzed period.
The settlement activity is decreased significantly. (3) As we can see from the distribution of settlement activity, from the turning point line of the dam axis to the two sides, the settlement activity is the weakest to increase gradually.
Conclusions
A large number of dam monitoring data are analyzed. The theory of periodic average system model is put forward based on the average analysis system in stock market. The concept of "settlement activity" is proposed, and then the deformation is analyzed form the perspective of single monitoring point. Afterwards, with the "settlement activity" as the main classification index, all the monitoring points are classified into different categories by the method of cluster analysis; the whole dam settlement activity picture is drawn. The longterm deformation of the dam is analyzed from the perspective of multipoint, which is intuitively shown. What is more, accumulated deformation information is adopted. The ideas and methods of this paper provide an effective method for dam deformation analysis. Meanwhile, the results provide practical guidance for managers to judge the safety situation of dams. However, in the process of deformation analysis, several problems remain to be improved as follows.
(1) Combining the theory of periodic average system model with corresponding charts, the deformation trend of the monitoring points is easily adopted. Therefore, it can be regarded as a kind of simple and practical method for a certain trend analysis and forecasting of monitoring points; however, it is unable to predict the concrete value of the deformation, which should be combined with other mathematical models.
(2) The deformation information is reflected clearly by the distribution diagram of settlement activity based on cluster analysis, but it cannot quantify the value of deformation, as well as the measurement error; environmental information is not considered. It will be the focus of next research.
